GBS is a frequent colonizer of the maternal gastrointestinal and genital tracts. Overall, 18% (95% confidence interval [CI] , 17%-19%) of women worldwide are estimated to be colonized, although there is regional variation in prevalence, ranging from a high prevalence in the Caribbean of 35% (95% CI, 35%-40%), to a much lower prevalence in Southern Asia and Eastern Asia (13% [95% CI, 10%-14%] and 11% [95% CI, 10%-12%], respectively) [16] . Ascending infection can cause maternal, fetal, and early-onset neonatal disease (days 0-6), leading to maternal death, stillbirth, and/or neonatal death [17] [18] [19] . In survivors of neonatal or young infant GBS disease, neurodevelopmental impairment may result [20] . In addition to causing invasive neonatal disease, maternal GBS colonization also increases the risk of preterm birth [21] . Neonatal encephalopathy (NE) may occur with invasive GBS disease, but maternal GBS colonization and ascending infection also increases the risk of NE [22] .
Preventive measures aimed at reducing the risk of invasive early-onset GBS disease (EOGBS) in newborns have focused on intrapartum antibiotic prophylaxis (IAP), with intravenous antibiotics given to women in labor, based either on microbiological screening or clinical risk factors [23] . However, this depends on national policy and a health system with the capacity to implement either strategy with appropriate coverage. While reductions in EOGBS disease (days 0-6 after birth) in the United States have been observed [24] , IAP does not prevent late-onset GBS disease (LOGBS; days 7-89) [25] and is unlikely to have an impact on stillbirth or preterm birth. GBS vaccines are in development [26] and, if given to women, could be effective in preventing these outcomes as well as infant and maternal invasive GBS disease [15] . Vaccine candidates include protein-based formulations and serotype-specific polysaccharide-protein conjugates [27] and thus an understanding of serotype distribution in maternal and infant disease worldwide is important. This is the last article in a supplement estimating the burden of invasive GBS disease in pregnant and postpartum women, stillbirths, and infants ( Figure 1 ) [15] . The supplement includes systematic reviews and meta-analyses across the disease burden schema (Figure 2 ). These provide input parameters into the compartmental model described here, for infant GBS cases, deaths, and disability ( Figure 3 ). We also estimate maternal GBS disease, stillbirths with GBS disease, the subset of cases of infant GBS disease who also have neonatal encephalopathy, and preterm birth attributable to GBS. These are reported according to international guidelines [28, 29] .
OBJECTIVES
We aimed to:
1. Estimate national, regional, and worldwide numbers of infants in 2015 with invasive GBS disease (including those presenting with neonatal encephalopathy), and outcomes in terms of deaths and disability, using a compartmental model. Adapted from Lawn et al [15] . Abbreviations: GBS, group B Streptococcus; NE, neonatal encephalopathy. 2. Estimate national, regional, and worldwide numbers of cases in 2015, using pooled estimates of incidence, proportions or risk ratios, derived from meta-analyses for: a. maternal GBS disease, b. stillbirths with invasive GBS disease, and c. Preterm birth attributed to maternal GBS colonization. 3. Estimate the number of maternal and infant cases, infant deaths, and stillbirths currently prevented by IAP, and preventable cases and deaths with high worldwide IAP coverage and/or maternal GBS vaccination. 4. Describe GBS serotypes colonizing mothers and causing maternal and infant GBS disease, summarizing reported regional variation.
METHODS
We summarize our methods according to our 4 objectives as follows:
1. Estimate national, regional, and worldwide numbers of infants in 2015 with invasive GBS disease (including those presenting with neonatal encephalopathy) and outcomes in terms of deaths and disability, using a compartmental model.
Modeling Approach
We conceptualized the full burden of GBS disease ( Figure 2 ) to include pregnant and postpartum women, fetal infections (based on stillbirths), and infants, as described in the first article in this supplement [15] . We took a compartmental model approach to modeling infant invasive GBS disease, deaths, and disability, with 4 steps as illustrated in Figure 3 . For the first step in the model (maternal GBS colonization), the step where most data were available for national prevalence estimation, we also attempted a multivariable regression model to predict national maternal GBS colonization, as an alternative to using a subregional estimate when national-level data were limited (Appendix).
Data Inputs
We sought data inputs from the published literature through systematic reviews and unpublished sources through research databases and investigators worldwide, as summarized in the previous 10 articles (Figure 1 ). The specific methods used for each of these (database searches, inclusion and exclusion criteria, data characteristics, criteria used to assess bias and sensitivity analyses) are described in general [15] and reported elsewhere [16] [17] [18] [19] [20] [21] [22] [23] 30] . We performed meta-analyses, to obtain estimates of maternal GBS colonization prevalence [16] , the ratio of late-onset to early-onset invasive GBS disease [19] , case fatality risks (CFRs) [19] , proportion of cases with meningitis [19] , proportion of infants with GBS meningitis who had moderate to severe neurodevelopmental impairment [20] , incidence of maternal GBS disease in pregnant/postpartum women [17] , prevalence of GBS disease in stillbirth [18] , prevalence of GBS disease in neonatal encephalopathy [22] , and the association between maternal GBS colonization and preterm birth [21] . We calculated pooled estimates using random-effects models [31] to allow for heterogeneity across studies by use of a statistical parameter representing the variation between studies.
Burden Estimation Applying the Compartmental Model
Step
Exposure to Maternal Group B Streptococcus Colonization
For the first step of the compartmental model, we determined maternal GBS colonization prevalence for countries, subregions (South America, Central America, Caribbean, Western Asia, Southern Asia, South-Eastern Asia, Eastern Asia, Oceania) and regions (Latin America, Asia, Africa, Oceania, developed) as described elsewhere [16] , to apply to estimates of live births in 195 countries for 2015, using latest United Nations data [32] . The colonization data were adjusted for sampling site (rectal and/or vaginal) and laboratory culture methods [16] . Where data were considered sufficient (≥1000 mothers tested for rectovaginal colonization), we used an estimate for individual countries. Where data were limited (<1000 mothers tested for rectovaginal colonization), we used a subregional estimate, and where no subregional estimate was available, we used a regional estimate (Supplementary Table 1 for inputs by country).
Cases of Invasive Early-Onset Disease and Late-Onset Disease in Different Intrapartum Antibiotic Prophylaxis Settings
For the second step of the compartmental model, we assessed IAP policies and their implementation in countries as described elsewhere in this supplement [23] , and categorized 89 countries with data available into 1 of 4 categories, which were (1) microbiological screening for maternal GBS colonization with IAP and high implementation coverage (>50% of mothers screened and given IAP if appropriate); (2) clinical risk factor approach with IAP given to mothers with risk factors before delivery and high implementation coverage (>50% with risk factors receiving IAP); (3) microbiological screening for maternal GBS colonization with IAP and low implementation coverage (<50%); (4) clinical risk factor approach with IAP given to mothers with risk factors before delivery and low implementation coverage (<50%), or no IAP strategy in place. We assigned countries in the developed region with no data to category 1 as a conservative approach, and of those countries reporting these data, 21 of 31 developed countries were in group 1. We assigned countries, not in the developed region and with no data to group 4, as 51 of 59 countries not in the developed region reporting these data were in this group. We then assessed the risk of EOGBS disease in studies reporting maternal GBS colonization data, and the use of IAP, as described elsewhere in this supplement [30] . We used the linear association between IAP use and risk of EOGBS disease described in [23] to estimate the risk of EOGBS disease in each of the 4 contexts, with specific risks for each group as follows: group 1 = 0.3% (95% CI, .0-.9%); group 2 = 0.6% (95% CI, .10%-1.2%); group 3 = 0.9% (95% CI, .4%-1.5%); group 4 = 1.1% (95% CI, .6%-1.5%). For each country, the number of cases of EOGBS was estimated by multiplying the estimated number of exposed babies by the appropriate risk for that country.
We used regional estimates of the ratio of early-onset to late-onset GBS cases [19] Table 1 . These regional estimates could, however, be affected by low case ascertainment. This could reduce EOGBS disease cases, particularly those with home delivery, inadequate access to care and/or high rapid CFR, and/or late-onset cases, particularly if cerebrospinal fluid sampling is not undertaken, and cases of GBS meningitis are thus not detected. We therefore did a sensitivity analysis applying a worldwide ratio of early-onset to late-onset GBS disease from high-quality studies worldwide (1.11 [95% CI, 0.90-1.30] / 3.92) [19] .
Step 3. Deaths in Early-Onset and Late-Onset Group B Streptococcus Disease
For the third step of the compartmental model, we applied region-specific CFRs to 3 different groups that differ considerably in terms of outcome: EOGBS cases delivered without a skilled birth attendant, EOGBS cases delivered with a skilled birth attendant, and LOGBS cases.
Case fatality risk for EOGBS: We applied percentages of skilled birth attendance for each country to EOGBS cases to determine EOGBS cases which would, and would not, have been attended by a skilled birth attendant. We applied a CFR of 0.9 (0.3-1.0) to estimated EOGBS cases born without a skilled birth attendant, based on expert opinion as to the likely high CFR in these "unseen" cases. To estimate deaths from EOGBS born with a skilled birth attendant (and for all developed countries), we estimated regional CFRs for EOGBS from facility-based data, as described elsewhere in this supplement [19] . We applied these regional CFRs to cases of EOGBS disease with skilled birth attendance. The highest CFR for EOGBS with skilled attendance was in Africa (0.27 [0. 15- (Table 1 ). For Oceania, where even regional data were lacking, we applied the risk in Asia, being the most geographically proximal.
Case fatality risk for LOGBS: We also estimated regional CFRs for LOGBS from facility-based data, as described elsewhere in this supplement [19] . Regional CFRs for LOGBS were lower than EOGBS overall, with the highest again in Africa (0.12 [0.05-0.19]) ( Table 1 ). Due to insufficient data from Oceania, we applied the CFR for Asia.
Step 4. Disability or Impairment After Infant Group B Streptococcus Meningitis
We estimated moderate to severe neurodevelopmental impairment (NDI) after meningitis, only, because data were insufficient to estimate NDI after sepsis, as described elsewhere in this supplement [20] . To do this, we applied the percentage of infant cases of GBS disease which were meningitis, for early (12% [8%-15%]) and late-onset (42% [30%-55%]) GBS disease [18] to estimates of EOGBS and LOGBS survivors. We then applied an incidence risk of moderate to severe NDI at 18 months of age of 0.18 (0.13-0.22) [20] . These data were limited to developed countries; however, we applied this proportion worldwide, on the basis that this would be a minimum estimate as NDI was unlikely to be lower in settings with reduced levels of care.
Triangulation of Infant Invasive Group B Streptococcus Disease Cases From the Compartmental Model With Estimates Based on Incidence Data
We compared the results from the compartmental model for infant GBS disease cases with those estimated using incidence data on infant GBS disease [19] . To do this, we calculated subregional incidence, or regional incidence where subregional data were not available, of EOGBS and LOGBS disease. We applied these to estimates of live births for each country in 2015. Data inputs are given for each country in Supplementary Table 2.
Infants With Invasive Group B Streptococcus Disease Presenting With Neonatal Encephalopathy
To calculate the numbers of infants with invasive GBS disease and coexistent neonatal encephalopathy, we used previously published national incidences of neonatal encephalopathy and modeled uncertainties and adjusted these for births in 2015 [11] . Then using our new data, we calculated the proportion of invasive GBS disease among these cases of NE. In developed countries, among all NE cases included in cooling trials, 0.51% (95% CIs, 0.05%-0.97%) were also identified as having GBS disease [22] . Data inputs were limited for data from other regions (3/16 studies), so we used the worldwide estimate of 0.58% (95% CIs, 0.18%-0.98%) of NE cases with GBS disease to apply in Africa, Asia, Latin America, and Oceania. Since our case definition assumes that cases of NE with GBS count as a case of GBS invasive disease, we include these numbers within our estimates of GBS infant disease.
2. Estimate country, regional, and worldwide number of cases of GBS-associated maternal disease, stillbirths, and preterm birth, for births in 2015 using pooled estimates of incidence, proportions, or risk ratios, derived from meta-analyses.
Where a compartmental approach was not possible, we used incidence, prevalence, or risk ratios from pooled data applied to births in 2015 to make minimum estimates of worldwide, regional, and national estimates for cases attributable to GBS ( Figure 2 ).
a. Maternal GBS disease
We calculated the pooled incidence of maternal GBS disease per 1000 maternities and applied this to a denominator of total Table 1 13.4M
Step 1 Percentage of infants exposed to maternal GBS at birth [16] births worldwide to estimate cases. As described elsewhere [17] , data were only available for developed countries, with a pooled estimate of 0.23 (95% CI, .09-.37) per 1000 maternities. We applied this to all regions, on the basis that maternal GBS disease was unlikely to be lower in settings with reduced levels of care.
b. Stillbirths with GBS disease
We calculated the pooled prevalence of GBS disease in stillbirths, equating also to the minimum number of fetal infections. Data were available from developed countries (1% [95% CIs, 0-2%]) and from Africa (4% [95% CIs, 2%-6%]) [18] . For regions with no data, we applied the prevalence of GBS in stillbirths from developed countries, on the basis that GBS-associated stillbirth was unlikely to be lower in settings with reduced levels of care. However, as this is a conservative approach, we did a sensitivity analysis applying the regional estimate from Africa (4% [95% CIs, 2%-6%]) [18] to regions with no data.
c) Preterm birth associated with maternal GBS colonization
We calculated pooled risk ratios or odds ratios for the association between maternal GBS colonization and preterm birth [21] . For cohort or cross-sectional studies, the risk ratio was 1.21 (95% CI, .99-1.48; P = .061), and for case-control studies, the odds ratio was 1.85 (95% CI, 1.24-2.77; P = .003). However, for preterm birth the results, in terms of the association between maternal colonization and preterm birth, are susceptible to confounding and bias. For preterm birth, we thus give a range for the number of cases, based on calculation of the population attributable fraction, which could be attributable to GBS given maternal GBS colonization [16] and incidence of preterm birth [33] . The ranges are based on the range in the 95% CIs of risk and odds ratios (1.0-2.8) for the association between maternal GBS colonization and preterm birth.
3. Estimate maternal and infant cases, stillbirths, and infant deaths, prevented by IAP at present, and preventable cases and deaths with high worldwide IAP coverage and/or maternal GBS vaccination.
We applied risks, without adjusting for IAP use, to estimates of live births for 2015 to calculate early-onset cases with no IAP use. We adjusted for skilled birth attendance as previously and applied regional facility CFRs to estimate deaths with no IAP use. We subtracted current cases and deaths in early infancy to calculate those currently prevented by IAP. For IAP scale-up worldwide, we assumed that all births were being attended by a skilled birth attendant, able to provide careful clinical monitoring for risk factors at delivery and administer IAP, but we did not adjust CFRs for this. Given these assumptions, we applied risks of EOGBS disease with a clinical risk factor approach, with coverage >50% and IAP worldwide where microbiological screening and IAP was not already in place. We did not calculate cases prevented with IAP for pregnant or postpartum women or stillbirths, or late-onset cases as these are not the target of IAP and any effect is likely to be limited due to the timing of IAP administration.
For maternal GBS vaccination, we calculated cases prevented (with no IAP) by a maternal GBS vaccine with 80% efficacy and coverage at 50% and 90%, for births in 2015. No assumptions were made on skilled birth attendance and/or laboratory capacity.
4. Describe GBS serotypes colonizing mothers and causing maternal and infant GBS disease.
We calculated the prevalence of GBS serotypes (Ia/Ib/II-X) colonizing mothers and causing maternal and infant GBS disease from meta-analyses of proportions of each serotype reported in each disease syndrome [16, 17, 19] . We calculated the coverage of a pentavalent maternal GBS vaccine (Ia/Ib/II/III/V) based on these data.
Uncertainty Estimation
For the compartmental model, we included uncertainty at every step by taking 1000 random draws, assuming a normal distribution with a mean equal to the point estimate of the parameter, and standard deviation (SD) equal to the estimated standard error (SE) of the parameter. We present the 2.5th and 97.5th centiles of the resulting distributions as the uncertainty range (UR). For the incidence or proportional approach, we estimated uncertainty around the point estimate with the same approach, taking 1000 random draws, assuming a normal distribution with a mean equal to the point estimate of the parameter, and SD equal to the estimated SE of the parameter. We present the 2.5th and 97.5th centiles of the resulting distributions as the UR.
Source Code
Code used for the estimation process is available online at https://doi.org/10.17037/data.51.
RESULTS
We summarize our results according to our 4 objectives as follows:
1. Estimate country, regional, and worldwide cases of invasive infant GBS disease, and outcomes in terms of deaths and disabilities for live births in 2015 using a compartmental model.
Step 1. Exposure to Maternal Group B Streptococcus Colonization
We estimated that, of 140 million live births in 2015, there were 21.3 million (UR, 16.4-27.0 million) infants exposed to maternal GBS colonization at delivery. There were 74.5 million live births in Asia with 8.9 million (UR, 6.7-10.7 million) infants exposed, 40.7 million live births in Africa with 8.0 million (UR, 5.3-10.3 million) infants exposed, 11.0 million live births in Latin America with 2.1 million (UR, 1.7-2.5 million) infants exposed, 260 000 live births in Oceania with 33 000 (UR, 31-36 000) infants exposed and 13.4 million live births in developed countries with 2.8 million (UR, 2.3-3.2 million) infants exposed (subregional estimates in Supplementary Figure 3) .
Step 2. Cases of Early-Onset and Late-Onset Disease in Different Intrapartum Antibiotic Prophylaxis Settings
We estimated that there were 319 000 cases (UR, 119 000-417 000) of infant invasive GBS disease worldwide. Most cases were EOGBS disease, with 205 000 (UR, 101 000-327 000) cases compared to 114 000 (UR, 44 000-326 000) LOGBS cases. With a high absolute number of births, and thus newborns exposed, Asia had the highest number of EOGBS disease cases, with 95 000 (UR, 53-143 000). Africa had fewer EOGBS cases 85 000 (UR, 44-133 000), but, because of the differences in early-onset to late-onset disease ratios, more LOGBS disease cases, with 84 000 (UR, 43-140 000) in Africa compared to 17 000 (UR, 0-146 000) in Asia. In contrast, developed countries had 11 000 (UR, 0-26 000) cases of EOGBS and 6000 (UR, 0-15 000) cases of LOGBS disease (Table 2 ; Figure 4 ; Supplementary Figure 4) . Using a fixed worldwide ratio of early-onset to late-onset disease based only on high-quality studies (sensitivity analysis), we estimated a higher 184 000 (UR, 142-196 000) LOGBS infant cases. Asia accounted for this increase, with 84 000 (UR, 65-90 000) LOGBS disease cases (Supplementary Figure 5) .
We estimated that there were 90 000 (UR, 36 000-169 000) deaths in infants due to invasive GBS disease worldwide. Africa accounted for 54 000 (UR, 22 000-98 000) of these, Asia 31 000 (UR, 13 000-60 000), Latin America 4000 (600-10 000), Oceania 200 (UR, 60-300), and developed countries 800 (UR, 0-2000).
In terms of deaths due to EOGBS, there were 51 000 deaths (UR, 23 000-89 000) in infants without access to healthcare worldwide. There were a further 27 000 (UR, 9000-50 000) deaths from EOGBS in facilities in developing countries. In contrast, there were 500 (UR, 0-1300) deaths in developed countries from EOGBS. In terms of LOGBS deaths, overall deaths were lower, with 12 000 (UR, 3-30 000) worldwide. Most of these 10 000 (UR, 3000-21 000) were in Africa. Regional and subregional estimates are given in Table 2 and Supplementary Figure 6 and illustrated in Figure 5 . Countries with the highest number of cases are not always those with the highest number of deaths, as illustrated for Nigeria, Ethiopia, and Pakistan (Table 3) .
Step 4. Disability: Calculation of Impairment After Infant Group B Streptococcus Meningitis
We estimated that a minimum of 10 000 (UR, 3 000-27 000) infants worldwide had moderate to severe NDI after GBS meningitis. Of these, more than half were in Africa (6000 [UR, 3000-12 000]), with 3000 (UR, 0-11 000) in Asia, 700 (UR, 100-2300) in Latin America, 700 (UR, 0-1700) in developed countries, and <100 (UR, 0-100) in Oceania (Table 4 ; Supplementary Figure 7) .
Triangulation of Infant Invasive Group B Streptococcus Disease Cases From the Compartmental Model With Estimates Based on Incidence Data
Applying pooled incidences of EOGBS and LOGBS to the 140 million live births for 2015, we estimated a much lower burden, particularly for EOGBS cases, than that estimated using the compartmental model. We estimated 51 000 (UR, 23 000-89 000) infants with EOGBS and 40 000 (UR, 12 000-75 000) infants with LOGBS worldwide (subregional estimates in Supplementary  Figures 8 and 9 ). These are likely to be considerable underestimates as cases are systematically underascertained, particularly in lowand middle-income contexts, as described in Table 2 and Figure 6 .
Infants With Invasive Group B Streptococcus Disease Presenting With Neonatal Encephalopathy
We estimated that there were a minimum of 7000 (300-19 000) infants with invasive GBS disease presenting with neonatal encephalopathy. There were an estimated 3400 (UR, 200-9000) cases in Asia, 3300 (UR, 100-8600) in Africa, 300 (UR, 0-1200) in Latin America, 100 (UR, 0-300) in developed countries, and 10 (UR, 0-40) in Oceania (subregional estimates are given in Supplementary Figure 10 ).
2. Estimate country, regional, and worldwide cases, for births in 2015 using pooled estimates of incidence, proportions, or risk ratios, derived from meta-analyses for maternal GBS disease, stillbirth with GBS disease, and preterm birth associated with maternal GBS colonization:
a. Maternal GBS disease
We estimated that there were a minimum of 33 000 (UR, 13-52 000) cases of maternal invasive GBS disease worldwide.
Estimates are given by subregion in Supplementary Figure 11 and region in Table 4 .
b. Stillbirth with GBS disease
We estimated that there were a minimum of 57 000 (UR, 12 000-104 000) cases of stillbirth with GBS disease worldwide, equating to a minimum of 57 000 (UR, 12 000-104 000) fetal infections. Of these, Africa accounted for 42 000 (UR, 10 000-71 000) and Asia 13 000 (UR, 1000-30 000) (Supplementary Figure 12 and Table 4 ). Applying the higher regional estimate for Africa to regions where there are no data (sensitivity analysis), the number of stillbirths with GBS disease was much higher, at 96 000 (UR, 26-168 000) worldwide, with Asia accounting for 50 000 (UR, 14 000-87 000) of these, almost all the increase (Supplementary Figure 13) .
c. Preterm birth attributable to GBS
We estimated that the range of cases of preterm birth attributable to GBS was 0-3.5 million. The cases of preterm birth attributable to GBS according to each risk ratio (in 0.2 increments [1.0-2.8]) are given in Supplementary Table 4. 3. Estimate maternal and infant cases, infant deaths, and stillbirths prevented by IAP at present, and preventable cases and deaths with high worldwide IAP coverage and/or maternal GBS vaccination.
Contingent in the limitations in our estimates, we estimated that 29 000 infants (UR, 0-51 000) with EOGBS and 3000 (UR, 0-108 000) infant deaths were prevented by intrapartum antibiotic prophylaxis worldwide in 2015. With worldwide application of a clinical risk factor-based approach (microbiological screening where already in place), and IAP (>50% coverage), we estimate that 83 000 (UR, 0-166 000) cases of EOGBS and 27 000 (UR, 0-110 000) deaths could be prevented worldwide (not adjusting CFRs for the changes in skilled birth attendance that IAP administration would require). With worldwide maternal vaccination (and no IAP assumed), a maternal GBS vaccine with 80% efficacy and 50% coverage would prevent 127 000 (UR, 63 000-282 000) infant and maternal GBS cases, 23 000 (UR, 6000-42 000) stillbirths, and 37 000 (UR, 15 000-68 000) infant deaths. A maternal vaccine with the same assumptions with 90% coverage would prevent 229 000 (UR, 114 000-507 000) infant and maternal GBS cases, 41 000 (UR, 8000-75 000) stillbirths, and 67 000 (UR, 12 000-123 000) infant deaths ( Figure 7 ).
Describe GBS serotypes colonizing mothers and causing maternal and infant GBS disease.
Serotype III is the most dominant serotype and colonizes 28% of mothers worldwide. It causes 48% of EOGBS, 74% LOGBS, and 29% of maternal GBS disease (Figure 8) . A pentavalent vaccine (Ia/Ib/II/III/V) would cover 96% of worldwide colonizing isolates, 86% of EOGBS disease, 93% of LOGBS disease, and 97% of maternal GBS disease. While there are a limited number of GBS capsular types (n = 10), the distribution by region varies, particularly for maternal GBS colonization; serotypes V, VI, VII, VIII, and IX are more commonly reported in SouthEastern Asia (23%) (Supplementary Table 5 ).
DISCUSSION
GBS is established as a leading cause of infant disease, particularly in the first week after birth, as evidenced by our estimation of 205 000 (UR, 101 000-327 000) neonates with EOGBS worldwide. Furthermore, there are a minimum 33 000 (UR, 13-52 000) maternal GBS cases, 57 000 (UR, 12 000-104 000) fetal infections/stillbirths, and 114 000 (UR, 44 000-326 000) infants with LOGBS. Up to 3.5 million preterm births could be attributable to maternal GBS infection/colonization worldwide ( Figure 9 ). Importantly, GBS is also a significant cause of death, with 57 000 (UR, 12 000-104 000) stillbirths and 90 000 (UR, 36 000-169 000) infant deaths estimated in 2015. IAP prevented an estimated 3000 (UR, 0-108 000) early neonatal deaths in 2015, mainly in high-income contexts. A maternal GBS vaccine, for which candidates are in development (Table 5) , with 80% efficacy and 90% coverage could prevent 108 000 (UR, 20 000-198 000) fetal and infant deaths. GBS accounts for more than the total number of deaths from mother-to child transmission of human immunodeficiency virus, and more than the combined neonatal deaths from tetanus, pertussis, and respiratory syncytial virus (Table 6 ), for which maternal vaccines are already in use, or in advanced development.
The compartmental model approach mitigates some of the very substantial problems with low case ascertainment for invasive infant disease, which can result in huge underestimation, especially in low-income contexts. Our comparatively low estimates using infant incidence data are a result of cases being "missed" through lack of access to healthcare, inadequate clinical assessment and suspicion of infection, lack of diagnostic testing, and lack of appropriate laboratory detection methods such as high-quality blood cultures ( Figure 6 ). Sensitivity of microbiological cultures is further reduced if there has been peripartum antibiotic exposure in the mother or infant. These biases are not included in the uncertainty around estimates from incidence or prevalence data, and thus the uncertainty bounds are likely too narrow. In contrast, the wide uncertainty bounds in the compartmental model, a result of including uncertainty at every step, better reflect the true uncertainty in estimation of these outcomes. In addition, in the compartmental model we addressed other sources of underestimation, by adjusting maternal GBS colonization for sampling site and laboratory methods [16] and only applying CFRs from facility data to births with a skilled birth attendant. Those born at home without access to a skilled birth attendant and who develop EOGBS will have very high, but unobserved, and thus unknown, CFR (Table 7) . There are, however, limitations to the compartmental model approach, as described in general elsewhere [15] , and in particular where parameters are derived from incidence data, such as the ratio of EOGBS to LOGBS disease. This ratio could be affected through differentially low case ascertainment in EOGBS compared to LOGBS disease or vice versa. EOGBS cases can be reduced with difficulties accessing care after birth and/or a high rapid CFR. . Care and measurement gap estimating cases from incidence and prevalence data. Adapted from Lawn et al [15] . Triangulation of estimates from compartmental model compared to incidence data for invasive infant disease is detailed in Supplementary Figures 8 and 9 . Abbreviation: GBS, group B Streptococcus.
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• Seale et al LOGBS, which more frequently is meningitis, may be differentially reduced if cerebrospinal fluid sampling is infrequently undertaken, as is often the case in Asia [41] .
In high-income contexts, reported incidence data are more reliable. In these countries incidence and trends can be monitored, and surveillance data show that GBS remains one of the most important neonatal and young infant pathogens. The United Kingdom, the Netherlands, and France recently reported increases in incidence of infant disease [42] [43] [44] . In the era of Haemophilus influenzae type b and pneumococcal conjugate vaccines, GBS is now the leading cause of bacterial meningitis in young children in the United Kingdom and the United States [45, 46] . In low-and middle-income contexts, reported incidence data are more subject to the biases in case ascertainment described. However, for Africa, our estimates of cases of infant disease and fetal infection or stillbirth, are consistent with recent reports of high incidence of GBS disease in facilities from Kenya and South Africa, where assessment and sampling recently have been systematic [47, 48] . For Asia, there is more uncertainty as to the burden of GBS disease. Until recently, the incidence of infant GBS disease was thought to be very low. In addition, there are no data on GBS disease in stillbirth from Asia. In our model, with a very high number of live births in Asia, absolute numbers of infants with EOGBS were high, despite the lower maternal colonization prevalence, suggesting that cases are currently underestimated. For stillbirths, if the prevalence of GBS disease in stillbirths is comparable to Africa, rather than high-income contexts, the total number of stillbirths with GBS disease worldwide would almost double. However, the compartmental model could overestimate invasive infant disease and/or stillbirth if there are biological differences, which it does not account for. There may be differences in virulence of GBS strains circulating in the region. GBS clonal complex 17 (ST17), strongly associated with serotype III, is hypervirulent [48, 49] and less frequently reported in Asia, both for maternal colonization [16] and neonatal disease [19] . Scenarios of estimated cases of group B streptococcal (GBS) disease and deaths prevented with different intervention methods in a year. For worldwide clinical risk factor screening and intrapartum antibiotic prophylaxis (IAP) where microbiological screening was in place, this estimate was applied for that country. To facilitate comparison between the current situation and interventions, case fatality risks have been applied as at present (ie, a higher case fatality risk for deliveries without a skilled birth attendant).
Our estimates of maternal GBS disease, stillbirths, and infants with invasive GBS disease presenting with neonatal encephalopathy are all likely to be underestimates as they are all subject to similar challenges for case ascertainment as infant invasive disease, and we were not able to include these in the compartmental model. Invasive GBS disease in newborns presenting with neonatal encephalopathy is further underestimated as the data derive mainly from cooling trials in high-income contexts, with strict case definitions (Figure 2 ) [22] . In addition, we do not attempt to measure the burden of noninvasive in utero infection, which may sensitize the fetus and increase the risk of neonatal encephalopathy ( Figure 9 ). The challenges of estimating noninvasive disease and the potential size of the unquantified burden are illustrated by the data on the attributable cases of preterm birth [21] . Even a small increase in risk of preterm birth attributable to GBS would account for many preterm births. For other pathogens, such as Streptococcus pneumoniae, invasive disease among children accounts for only 10% of all serious disease, with the majority (>80%) of deaths occurring from nonbacteremic pneumonia cases. Robust epidemiological data are critical to strengthen the investment case for a GBS vaccine and to firmly establish the true global burden of disease [50] . Vaccine probe studies during phase 3 maternal vaccine trials, or postlicensure, could also be used to contribute to our understanding of the total disease burden, including noninvasive disease [51] .
The current mainstay of prevention against infant GBS disease is IAP, which prevented an estimated 29 000 (UR, 0-51 000) cases of EOGBS in 2015, mainly in high-income contexts [19] . IAP implementation is more common, and more feasible, in high-income contexts [23] , because it requires a continuum of care, including a skilled birth attendant able to administer antibiotics intravenously, and with access to laboratories for a microbiological approach, and/or careful assessment for a clinical risk factor-based approach. There is low implementation, or no IAP national policy where health systems have limited infrastructure. In addition, IAP does not target the 204 000 (UR, 69 000-481 000) cases of maternal, fetal, and late-onset infant invasive infection (7-89 days). It is possible that there is some coincident reduction in disease with IAP, particularly in pregnant women [17] , but it is likely administered too late in the context of stillbirth [18] . In addition, IAP does not reduce maternal colonization, so there is no reduction in infant exposure and colonization, and consequent late-onset infant disease [19] .
Maternal vaccination has the advantage over IAP in that it could leverage off existing antenatal care platforms, as successfully used in high-burden countries to reduce neonatal tetanus, where high coverage has been achieved [52] . It would also be expected to reduce adverse outcomes for invasive disease in pregnant and postpartum women, fetuses/stillbirths, and infants. A maternal GBS vaccine with 80% efficacy and 50% coverage would prevent 127 000 (63 000-282 000) infant and maternal GBS cases, and 60 000 (UR, 22 000-110 000) stillbirths and infant deaths. If coverage were increased to 90%, 229 000 (UR, 114 000-507 000) infant and maternal GBS cases and 108 000 (UR, 20 000-198 000) fetal and infant deaths could be prevented. Maternal GBS vaccination could also reduce the unquantified burden from noninvasive World Health Organization modeling-based estimates approximately 56 700 pertussis deaths in children <5 years of age in 2015 from which the neonatal component is derived [65] . Other work suggests the burden could be higher, with 160 700 deaths (range, 38 000-670 000 with sensitivity analyses) in children <5 years of age [68] . e Children <5 years of age but due to mother-to-child transmission. disease, including, but not limited to, preterm birth. Several GBS vaccine candidates are now in active development [26] and these must be subject to appropriate safety and efficacy tests, but vaccine manufacturers are increasingly committed to investing in a GBS vaccine (Table 5 ).
There are key public health and economic considerations, to which these estimates contribute. These include (1) the estimated vaccine-preventable mortality burden; (2) the estimated scope, size and cost of a licensure trial; and (3) the cost-effectiveness of a maternal GBS vaccine, to inform policy recommendations, vaccine demand, and financing [51, 53, 54] . Cost-effectiveness models for a maternal GBS vaccine thus far have primarily considered GBS sepsis and meningitis as avertable causes of neonatal mortality [53] . Our estimates of the burden of GBS disease in pregnant and postpartum women and stillbirths, as well as infant disease, suggest they may be additional endpoints worthy of inclusion in a GBS vaccine trial.
GBS is a leading cause of invasive infection in infants, but GBS disease in pregnant and postpartum women and stillbirths is also important worldwide. GBS accounts for a far higher burden of young infant mortality than other infectious diseases for which maternal vaccines are under development or in use, such as respiratory syncytial virus, pertussis, or tetanus (Table 6 ). Despite GBS accounting for only a small proportion of all stillbirths, the absolute number is equal to a quarter of stillbirths attributed to syphilis, for which there is already a screening program. An effective maternal GBS vaccine offers an all-encompassing approach to reducing GBS disease, and, as vaccination strategies can achieve high coverage in even the most challenging settings, it is likely to be a more equitable intervention than IAP. Maternal GBS vaccination has the potential to reduce this disease burden worldwide, within the next generation and including the poorest families (Table 8) .
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Table 8. Key Findings and Implications
What's new about this? • These are the first systematic estimates of the worldwide burden of GBS and we include outcomes for pregnant and postpartum women, stillbirth, and infants, with later impairment. For infants this includes invasive disease, overlapping with neonatal encephalopathy, and also noting preterm birth-associated GBS as a pathway resulting in deaths and disability.
• Data gaps remain a challenge, but the compartmental model includes more national data and is less susceptible to underestimating the burden through low ascertainment of clinical cases, especially in low-income contexts. We have followed international estimation guidelines and data inputs and code are available online [28, 29] .
